Objectives: Using quantitative T2* 7-tesla (7T) MRI as a marker of demyelination and iron loss, we investigated, in patients with relapsing-remitting multiple sclerosis (RRMS) and secondary progressive multiple sclerosis (SPMS), spatial and tissue intrinsic characteristics of cortical lesion(s) (CL) types, and structural integrity of perilesional normal-appearing cortical gray matter (NACGM) as a function of distance from lesions.
Demyelinating cortical lesion(s) (CL) are thought to contribute to disease progression in multiple sclerosis (MS). [1] [2] [3] Seven-tesla (T) T2* gradient-echo imaging has shown increased sensitivity (approximately 50%-90%) to detect MS CL. [4] [5] [6] Ex vivo MRI studies demonstrated increased T2* in MS CL, pathologically related to demyelination and iron loss. 5, 6 Histopathologic-MRI correlations suggested that MRI-visible CL may represent the tip of the iceberg 7 underlying a more diffuse demyelinating cortical process.
We previously demonstrated in vivo T2* increase at different depths of the cortical width throughout stages of MS, associated with worsening disability. 8 Quantitative T2* changes were not confined to focal CL but were also found globally in the normal-appearing cortical gray matter (NACGM) in secondary progressive MS (SPMS). The relationship between pathology in NACGM and in focal CL at different MS stages is unclear: NACGM abnormalities could either reflect a diffuse degenerative process or abnormalities in normal cortex surrounding CL. Because CL may underlie different pathologic processes including endogenous remyelination depending on their location across the cortical/ subcortical width, 9 their extent on surrounding NACGM may vary according to CL subtype.
In a heterogeneous MS cohort, we used 7T quantitative T2* MRI to (1) map the spatial distribution and frequency of CL subtypes, (2) assess whether the degree of tissue pathology within CL varies depending on disease stage, and (3) quantify perilesional pathology in CL subtypes as a function of distance from lesions. We hypothesized that patients with SPMS had more severe pathology within focal CL and perilesional cortex.
METHODS Standard protocol approvals, registrations, and patient consents. The institutional review board of our institution approved all study procedures, and participants provided written informed consent to participate in the study.
Participants. Twenty-nine patients (20 women; mean age 44.1 years 69.2 SD) with a diagnosis of MS 10 and who displayed at least 2 focal intracortical lesion(s) (ICL) or leukocortical lesion(s) (LCL) on 7T scans were retrospectively selected from a cohort of 41 patients with MS participating in a prospective study assessing cortical pathology at 7T. 8 ICL included lesions originating from the pial surface and extending at different depths throughout the cortical width (type III-IV lesions), and type II lesions 8, 11 ; LCL were defined as extending through gray matter (GM)/white matter (WM) without reaching the pial surface. Seventeen age-matched healthy individuals (9 women, mean age 39.3 years 68.8 SD) served as controls.
Clinical course of patients included RRMS (n 5 18) and SPMS (n 5 11). Twenty-two of 29 patients were receiving stable treatment (at least 6 months) with disease-modifying therapies (interferon beta or glatiramer acetate: 6 RRMS, 5 SPMS; BG-12: 1 RRMS; natalizumab: 6 RRMS, 3 SPMS; rituximab: 1 SPMS). Neurologic disability was assessed using the Expanded Disability Status Scale (EDSS) 12 within a week from MRI scans. Disease severity was evaluated using the Multiple Sclerosis Severity Score. 13 General exclusion criteria included significant psychiatric and/or neurologic disease (other than MS for patients), major medical comorbidity, pregnancy, and contraindications for MRI.
MRI data acquisition. All study participants underwent 2 imaging sessions at 7T and 3T (Siemens scanners) using 32channel coils. The 7T protocol included acquisition of (1) multiecho 2-dimensional (2D) fast low-angle shot (FLASH) T2*weighted spoiled gradient-echo (GRE) images with repetition time (TR) 5 2,210 milliseconds (ms), echo time (TE) 5 6.44 1 3.32n [n 5 0, ., 11] ms, flip angle 5 55°, 2 slabs of 40 slices each to cover the supratentorial brain, resolution 5 0.33 3 0.33 3 1 mm 3 (25% gap), and acquisition time (TA) for each slab 5 approximately 10 minutes; (2) a T1-weighted 3D magnetization-prepared rapid acquisition gradient echo sequence (TR/inversion time/TE 5 2,600/1,100/3.26 ms, flip angle 5 9°, resolution 5 0.60 3 0.60 3 1.5 mm 3 , TA 5 5.5 minutes) for coregistration of 7T GRE data with cortical surfaces; and (3) a single-echo 2D FLASH T2*-weighted spoiled GRE pulse sequence (TR/TE 5 1,700/21.8 ms; the other parameters were identical to the multiecho 2D FLASH T2* sequence).
During the 3T session, a structural scan with a 3D magnetization-prepared rapid acquisition with multiple gradient echoes (MEMPR) (TR/inversion time 5 2,530/1,200 ms, TE 5 1.7, 3.6, 5.4, 7.3 ms, resolution 5 0.9 3 0.9 3 0.9 mm 3 , TA 5 approximately 6.5 minutes) was obtained for cortical surface reconstruction and coregistration with 7T data.
MRI data processing. WM lesion volume. WM lesions were segmented on magnitude images from 7T single-echo FLASH T2* scans with a semiautomated method implemented in 3D Slicer version 4.2.0 (http://www.slicer.org). WM lesion volume was computed using fslstats, part of FSL (FMRIB Software Library, http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL).
Cortical surface reconstruction. Reconstruction of pial and WM surfaces was performed using the software FreeSurfer, version 5.3.0 (http://surfer.nmr.mgh.harvard.edu/), according to a multistep procedure that calculates the GM/WM border and the CSF/GM (pial) border in the 3D MEMPR volume, 14 currently the recommended anatomical sequence for FreeSurfer pipeline. 15 Topologic defects in cortical surfaces due to WM and LCL were corrected using a semiautomated procedure with lesions filling.
Mean cortical thickness (mm) was measured in each participant as previously described 15 and used as covariate of no interest in statistical analyses.
Quantitative T2* maps. Quantitative T2* maps were generated from 7T multiecho T2* scans in each participant as previously described. 8, 16, 17 Briefly, T2* signal, corrected for susceptibility-induced through-slice dephasing, was fitted vs TE voxel-wise using a Levenberg-Marquardt nonlinear regression model. R 2 goodness of fit was measured, and voxels with poor goodness of fit (R 2 , 0.8) were excluded from further analyses. T2* maps were registered onto the corresponding 3T cortical surfaces using a 2-step procedure, as previously described. 16, 17 The registered data were then concatenated into a whole brain volume using FreeSurfer tools and resampled at 0.33 3 0.33 3 0.33 mm 3 isotropic voxels.
Cortical lesion segmentation, count, and volume. Focal ICL and LCL that appeared as focal cortical hyperintensities and extended for at least 3 voxels and across 2 consecutive slices on magnitude images from 7T single-echo FLASH T2* were segmented by consensus by 2 experienced raters (C.M., C. Louapre) using Slicer.
In each participant, single-echo T2* images, ICL, LCL, and NACGM masks were registered onto the corresponding 3T cortical surfaces using a 2-step procedure based on boundary-based registration 18 as previously described. 16, 17 ICL and LCL count and volume were computed using FreeSurfer and FSL tools (mri_volcluster and fslstats, respectively).
Cortical lesion spatial analysis and probability distribution map. Using FreeSurfer tools, individual ICL and LCL masks were projected on each participant's cortical surface resulting in 2D lesional masks. Using the cortex curvature map, we then quantified the total area of cortical lesions belonging to sulci (displaying positive curvature values) and to gyri (displaying negative curvature values).
Subsequently, 2D cortical lesion masks were normalized to a common surface template, "fsaverage," using FreeSurfer. Lesion probability maps were then generated by averaging individual ICL and LCL normalized masks. Peaks of lesion probability were localized using the Desikan atlas in FreeSurfer.
Quantitative T2* analysis of lesional, perilesional, and normal-appearing cortex. In each participant, we computed mean T2* (ms) in ICL, LCL, and NACGM masks previously coregistered to the corresponding cortical surfaces. Given that the focus of the study was the cortex, for LCL, T2* was measured only in the intracortical portion of the mask (i.e., the intersection between the LCL mask and the FreeSurfer cortical ribbon mask).
We further analyzed the extent of ICL and LCL pathology toward perilesional cortex. Because of the thin and circumvolved geometry of the cortex, the analysis was performed on individual 2D ICL and LCL masks. T2* relaxation time was then mapped at 50% depth from the pial surface and computed as a function of distance from the ICL, and mapped at 75% depth from the pial surface and computed as a function of distance from the LCL; 0% depth was the pial surface and 100% depth was the WM/GM boundary.
Each vertex on the participant's cortical surface was assigned its geodesic distance from the lesions, the geodesic distance being the number of edges in the shortest path connecting a given vertex to a lesion (figure e-1 on the Neurology ® Web site at Neurology.org). For each participant, we calculated T2*(N), the average of T2* values over all vertices being at a given geodesic distance N of the lesions. As previously observed, 16, 17 T2* values varied across the cortex, and accordingly, T2* within lesions is dependent on lesion location in individual participants. Therefore, to analyze T2* decay surrounding lesions across the whole MS group, we subtracted T2*(N) by its baseline value defined as the minimum over a range of 10 , N , 20.
Statistics. Demographic and/or imaging metrics were compared between patients and controls, and between RRMS and SPMS using a Mann-Whitney U test or Student t test as appropriate and a x 2 test for sex repartition.
In the whole MS group, each patient's ratio of ICL and LCL area in sulci relative to the total lesional area was compared to its ratio of sulci surface relative to the total cortical surface using a paired t test.
Mean T2* in NACGM in each MS group and cortical T2* in controls were compared by linear regression using age and cortical thickness as nuisance factors. Mean T2* in each lesion mask was compared with NACGM T2* in each patient group by paired t test, and with cortical T2* in controls by linear regression using age and mean cortical thickness as nuisance factors.
Finally, we determined the geodesic distance up to which T2*(N) was significantly different from distant NACGM (N 5 20) using paired t test.
All statistical analyses were performed with R software (version 2.13.1), and p values ,0.05 were considered statistically significant. A false discovery rate method was applied to correct for multiple comparisons when comparing different cortical tissue compartments within and across groups.
RESULTS
Demographics. Participants' demographic, clinical, and MRI variables are reported in table 1. Disease duration, EDSS scores, and WM lesion volume were higher in SPMS relative to RRMS (p , 0.005). Age at disease onset tended to be younger in SPMS than in RRMS (p 5 0.06). ICL count, ICL volume, and LCL volume were also higher in SPMS relative to RRMS (p , 0.05).
Spatial distribution of focal cortical lesions. In the entire MS cohort, the highest distribution of ICL was in superior, middle frontal areas and central sulcus, followed by parietal, cingulate, and temporal cortex (table 2, figure 1). LCL distribution was more random. There were fewer ICL in RRMS than in SPMS and they were mainly distributed in the central sulcus, frontal areas, and cingulate cortex (figure e-2).
In each patient, both ICL and LCL were predominantly identified in cortical sulci, with an average 84% of ICL area and 64% of LCL area in sulci in the entire group. This was higher than the ratio of sulci surface to total cortical surface, representing 47% in mean (p 5 10 215 for ICL and p 5 10 22 for LCL).
Quantitative T2* in lesional and normal-appearing cortex. As previously reported, 8 in our MS cohort, mean T2* in ICL (41 6 4.6 ms) and LCL (41.1 6 3.4 ms) was higher than mean NACGM T2* (p , 10 29 by paired t test for ICL and LCL) and than mean cortical T2* in controls (p , 10 26 and p , 10 27 by linear regression using age and cortical thickness as nuisance factor).
In both RRMS and SPMS subgroups, ICL and LCL had longer T2* relative to NACGM T2* and to cortical T2* in controls. There was no difference in ICL and LCL T2* between RRMS and SPMS (figure 2). NACGM T2* in patients with MS (34 6 2.4 ms) was not different from mean cortical T2* (33.03 6 1.6 ms) in controls. When looking at subgroups, in patients with SPMS only, mean NACGM T2* was higher than mean cortical T2* in controls, and than mean NACGM T2* in RRMS (figure 2).
Extent of ICL and LCL pathology toward perilesional cortex. Figure 3A displays a visual example of geodesic contours surrounding an ICL mask projected on the cortical surface in a patient with RRMS.
In the entire MS cohort, T2* relaxation time was maximum within ICL and LCL (geodesic distance of 0). It remained longer compared with distant perilesional cortex (geodesic distance of 20) up to a geodesic distance of 4 for ICL and 10 for LCL ( figure 3B ). The actual physical distance between 2 vertices depends on the curvature of the surface. For reference, mean intervertex distance across the whole cortical surface in our population was 0.85 mm (60.02 SD). T2* relaxation time surrounding ICL did not differ between RRMS and SPMS, as T2* was still higher up to the same geodesic distance for both groups. However, T2* surrounding LCL decreased closer to Rostral middle frontal 6.9 Supramarginal 6.9
Pars opercularis 6.9 lesions in the RRMS group compared with the SPMS group. DISCUSSION We used quantitative T2* MRI at 7T in RRMS and SPMS to characterize spatial and intrinsic tissue characteristics of visible focal CL and NACGM. ICL, as opposed to LCL, had a preferential pattern of distribution in frontal and parietal lobe, including precuneus, temporal and cingulate cortex, as reported post mortem. 19 A previous in vivo study based on 3T double inversion recovery (DIR) scans on RRMS and primary progressive MS found that CL were preferentially distributed in the frontal lobe, mainly in motor cortex, in the temporal lobe, and anterior cingulate cortex. 20 The authors, however, highlighted that the resolution of their scans did not allow accurate distinction of purely ICL from LCL and juxtacortical lesions. Using ultra-high-resolution scans at 7T (voxel size approximately 0.11 mm 3 ) to localize CL according to their location across the cortical width, we found that LCL were more randomly distributed than ICL and were mainly localized in frontal and parietal cortex.
The differential distribution pattern between ICL and LCL may reflect, at least in part, different pathogenetic mechanisms underlying ICL and LCL development. Some neuropathologic studies observed that CL, particularly subpial lesions originating from outer cortical layers (defined here as ICL), were located close to foci of meningeal inflammation, [21] [22] [23] which suggests that subpial demyelination may be triggered by soluble inflammatory factors originating from the meninges. Lack of association between the 2 processes, however, has also been reported. 24 LCL extend across cortex and WM, and it could be speculated that both inflammatory processes occurring in the meninges and in underlying normal-appearing WM (NAWM) could be at the origin of LCL formation. This could translate into a more widespread distribution pattern, as observed in our cohort. Very little is known about the origin of purely (type II) ICL. Independently from the triggering events that lead to ICL and LCL development, which are still unknown, it is also possible that differences in distribution patterns between CL subtypes underlie different susceptibilities to pathology and/or to remyelination across cortical laminae. 9 The striking preferential distribution of ICL, and to a lesser extent of LCL, in cortical sulci was observed in some neuropathologic examinations of MS brains. 25 We previously found in patients at different stages of MS diffuse cortical damage as measured by longer T2* and mainly involving cortical sulci. However, the ratio of areas displaying abnormal T2* in sulci relative to gyri ranged from 1 to 2, while in this study, the ratio of focal ICL area belonging to sulci relative to gyri was greater than 5. This emphasizes that focal CL themselves may only partly explain the diffuse cortical abnormalities observed in MS. Although SPMS cases had higher number and volume of CL than RRMS cases, the degree of tissue pathology within CL, as evidenced by longer T2*, was similar throughout MS stages for both lesion subtypes. In contrast, NACGM was diffusively pathologic in SPMS only, although tissue abnormalities occurred in NACGM surrounding focal ICL and LCL in both relapsing-remitting and secondary progressive disease stages. A previous work found global NACGM abnormalities in RRMS, as evidenced by increase in diffusion tensor imaging fractional anisotropy, which correlated with disability. 26 The suboptimal detection of subpial lesions by 3T DIR imaging compared with 7T GRE T2* scans, and the different biological substrates underlying T2* and diffusion metrics abnormalities in the cortex could, at least in part, explain discrepancies between our and previous DIR findings.
Previous imaging studies reported abnormalities surrounding WM lesions, tapering away from lesions toward the NAWM, 27,28 but diffuse NAWM pathology has also been observed independently of focal WM lesions, particularly in progressive MS. 29 We used a surface-based approach to compute quantitative T2* in the cortex as a function of distance from the lesions, using the vertex geometry of the cortical surface in each participant. This method, compared to 3D volume-based approaches, has the advantage of taking into account the circumvolved nature of the cortex, minimizing partial volume effects. We found a gradient of T2*, decreasing from the CL border toward NACGM. Of note, this gradient was larger for LCL than ICL, mainly in SPMS, suggesting that SPMS LCL tend to have a broader destructive pathology surrounding lesions. These findings also suggest that the laminar pathology previously observed throughout stages of MS 8 might be an expression of a more diffuse degenerative process in chronic disease as evidenced postmortem. 7, 30 In RRMS, the lack of significant diffuse T2* changes in global NACGM and perilesional cortex (with the exception of cortex in close CL proximity) suggests that cortical pathology mainly resides within focal CL. Since neuropathologic studies tend to skew tissue samples toward late-stage MS, knowledge of cortical pathology in earlier stages is limited and needs further investigation.
In our study, patients with RRMS and SPMS, while matched for age, differed in disease duration because patients with SPMS were younger at disease onset. A previous neuropathologic study 22 found that SPMS cases exhibiting aggressive cortical pathology associated with meningeal inflammation had younger age at disease onset compared with SPMS cases with milder cortical disease. Evidence of meningeal inflammation in MS, however, is still debated. Future studies combining our methods and recent developments to image leptomeningeal inflammation, including postcontrast FLAIR MRI, 31 could help to unravel in vivo the link between meningeal inflammation and different CL subtypes.
Overall, our findings show that cortical demyelination expands beyond focal CL in MS, in close proximity to the lesional compartment in RRMS, and more diffusely, far from lesions, in SPMS. Even if ultra-high-resolution 7T MRI was used for detecting CL, it is possible that the determination of CL borders was not as accurate as in ex vivo assessments, and that some CL were missed at visual inspection of scans. Nevertheless, our data suggest that quantitative measures of global cortical integrity outside visible CL could be a potential biomarker of disease severity and progression in MS. Since it has been observed that the pathologic substrates underlying MRI changes in NAWM vary based on the distance from WM lesions, 32 further studies could also determine whether NACGM T2* abnormalities observed in our cohort reflect different pathologic processes based on distance from lesions.
